We use mid-infrared spectroscopy of unobscured active galactic nuclei (AGNs) to reveal their native dusty environments. We concentrate on Seyfert 1 galaxies, observing a sample of 31 with the Infrared Spectrograph aboard the Spitzer Space Telescope, and compare them with 21 higher-luminosity quasar counterparts. Silicate dust reprocessing dominates the mid-infrared spectra, and we generally measure the 10 and 18µm spectral features weakly in emission in these galaxies. The strengths of the two silicate features together are sensitive to the dust distribution. We present numerical radiative transfer calculations that distinguish between clumpy and smooth geometries, which are applicable to any central heating source, including stars as well as AGNs. In the observations, we detect the obscuring "torus" of unified AGN schemes, modeling it as compact and clumpy. We also determine that star formation increases with AGN luminosity, although the proportion of the galaxies' bolometric luminosity attributable to stars decreases with AGN luminosity.
Introduction
Accretion onto central supermassive (10 6 -10 10 M ⊙ ) black holes powers active galactic nuclei (AGNs). AGNs exhibit a great variety of observational characteristics, notably the presence or absence of spectrally broad emission lines, which determine their classification as type 1 or type 2, respectively. Unified AGN models (Antonucci 1993 ) account for these differences in terms of viewing geometry, with an optically and geometrically thick dusty torus that blocks the broad line region and central engine from some (type 2) lines of sight.
The presence of the dusty torus can be detected not only in absorption but also in emission, with the bulk of the reprocessed AGN continuum emerging at infrared wavelengths. The exact spectral energy distribution (SED) is a function of dust geometry, and initial radiative transfer calculations modeled a smooth, uniform torus, which is consistent with basic requirements of unification (Pier & Krolik 1992; Granato & Danese 1994; Efstathiou & Rowan-Robinson 1995) . However, recent high-resolution observations indicate that the obscuring torus has a clumpy geometry (Jaffe et al. 2004; Tristram et al. 2007; Beckert et al. 2008) . These data require a large range of dust temperatures to coexist at the same distance from the central heating source, whereas the temperature of a smooth torus declines with distance. New models that place the dust in a clumpy toroidal distribution account for these observations while remaining consistent with unification schemes (Nenkova et al. 2002; Hönig et al. 2006; Schartmann et al. 2008 ).
Silicate dust specifically dominates the mid-infrared (MIR) spectra of galaxies, and it can produce both the continuum and prominent spectral features at 10 and 18µm. The stronger 10µm feature originates from a SiO stretching mode and the 18µm feature from a SiO bending mode (Knacke & Thomson 1973) . A view of a hot, optically thin surface produces the features in emission, and a view through a cold screen shows the features in absorption. A smooth torus therefore exhibits strong emission from type 1 orientations (which view the hot inner throat of the torus directly), and deep absorption in type 2 AGNs (viewed through the torus). However, observations of AGNs do not conform to these expectations. Silicate emission is not universally observed in type 1 galaxies, and only recently has it been detected, primarily in high-luminosity AGNs (Hao et al. 2005 Siebenmorgen et al. 2005; Sturm et al. 2005) . Current observations of samples of the lower-luminosity Seyfert 1 galaxies even show silicate absorption on average , and Seyfert 2 galaxies typically show only weak absorption (Mason et al. 2006; Shi et al. 2006; Hao et al. 2007 ).
Here we use MIR spectroscopy of unobscured AGNs to diagnose their native dusty environments. Even more informative than the behavior of one silicate feature alone, the combination of both silicate features together reveals the geometry of the reprocessing dust around the AGNs, discriminating between smooth and clumpy distributions (Sirocky et al. 2008) . We also use the spectra to evaluate the energetic contribution of star formation, which is evident in low-ionization emission lines and polycyclic aromatic hydrocarbon (PAH) emission, and which accounts for a significant fraction of the long-wavelength continuum flux.
Sample and Data Reduction
We select Seyfert 1 galaxies from the Rush et al. (1993) 12µm survey, using 31 with archival low-resolution spectra from the Spitzer Space Telescope Infrared Spectrograph (IRS) in this study (Werner et al. 2004; Houck et al. 2004) . The hot dust continuum of AGNs dominates the MIR emission in this flux-limited sample. We restrict the Seyfert 1s to those galaxies with optical classification between 1 and 1.5. As a comparison sample, we use 21 nearby (z < 0.4) type 1 quasars having archival IRS spectra. We classify all sources with monochromatic luminosity (νL ν ) at 14µm L 14 ≥ 7 × 10 10 L ⊙ as quasars. We list the galaxies, their basic properties, and observational details in Table 1 . These IRS observations cover the MIR bandpass from 5.2 to 38µm. We used standard Spitzer Science Center pipeline version S15.3.0 data and extracted the spectra with the Spitzer IRS Custom Extraction (SPICE) package. The observations were performed in either staring or mapping mode. We used two nodded positions of the same order to background subtract the staring mode observations, in which the nucleus is always centered in the slit. Differencing exposures in first and second orders provided background subtraction of mapping mode data. For these mapping mode observations, in addition to the central spectrum obtained with the slit centered on the nucleus, we included contributions from the two adjacent off-center spectra. We compared the galaxies' FWHM to that of a calibration star to identify extended sources, finding eight: ESO 12-G21, MCG -5-13-17, NGC 7469, IC 4329A, NGC 1566, UGC 5101, NGC 3227, and MCG -6-30-15 . We used default SPICE extraction for point sources and extracted only the central 4 pixels (which corresponds to 7.2 ′′ and 20.4
′′ in the short-and long-wavelength orders, respectively) from extended spectra. We robustly averaged individual spectra from each order to remove bad data. We scaled short wavelength spectra to match the flux of the long-wavelength order "Long Low 1," which has the widest slit and is less sensitive to pointing errors.
Results

Broadband Spectral Characteristics
The Seyfert 1 sample and the comparison quasars reveal the typical MIR characteristics of unobscured AGNs alone, which are evident in their average spectra (Figures 1 and 2) . The individual spectra are normalized at 14µm, which represents the dust continuum, and weighted according to their signal-to-noise in each average spectrum. Both the Seyfert and quasar spectra show prominent 10µm silicate emission, which reveals the geometry of the dust distribution, high-ionization emission lines, which are predominantly the result of ionization by the AGN continuum, and polycyclic aromatic hydrocarbon (PAH) emission, which is associated with star formation.
A few sample members are luminous or ultraluminous infrared galaxies (LIRGs or ULIRGs), having L IR > 10 11 L ⊙ or > 10 12 L ⊙ , respectively. These galaxies (plotted as red histograms) are preferentially mergers (Sanders & Mirabel 1996) , and they often exhibit extended MIR emission (Soifer et al. 2000; Alonso-Herrero et al. 2006) , which is not directly attributable to the AGN. We show the average Seyfert 1 and quasar spectra, both including (red) and excluding (black) these (U)LIRGs. The IR-luminous galaxies' spectra are different from the others', showing silicate absorption and relatively strong long-wavelength emission. However, because only two of 31 Seyfert 1 galaxies and one of 21 quasars are also (U)LIRGs, the resulting average spectra are not significantly different in each case. We base the subsequent analysis on the (U)LIRG-free average spectra, which better isolate the AGN contribution. Table 2 contains the normalized average spectra of the Seyfert 1 galaxies and quasars. Figure 2 further shows both the average Seyfert spectrum (green) and the average quasar spectrum (black) together. Overall, these spectra are very similar in shape and emission features. The 5 to 14µm flux density ratios, F 5 /F 14 , are slightly but not significantly different, with F 5 /F 14 = 0.25±0.12 in the Seyfert 1s and F 5 /F 14 = 0.45±0.16 in the quasars. We can describe the MIR spectra as a power law F ν ∝ ν α , where α < 0 is characteristic of AGNs (Elvis et al. 1994; Klaas et al. 2001; Alonso-Herrero et al. 2006 ). The power law indices range from -0.5 to -2.8 in the Seyfert 1 sample and -0.3 to -1.6 in the quasars, with α = −1.3 and −0.8 in the average Seyfert 1 and quasar spectra, respectively. These results agree with those of Alonso-Herrero et al. (2006) , who found −2.8 < α < −0.5 over the wavelength range of 3.6-8µm in AGN-dominated galaxies.
We also measured the equivalent widths (EWs) of strong emission lines in the average spectra. We find the line EWs to be larger in the Seyfert galaxy spectra than in the quasar spectra, considering both strong high excitation lines, such as [O IV] and [Ne V], which are attributable to AGNs (Lutz et al. 2003) , and the low ionization lines [Ne II] and [S III], which originate in star formation. Specifically, the [O IV] EW is 0.09µm in the average Seyfert spectrum and 0.03µm in the average quasar spectrum. These results agree with previous MIR work by Hönig et al. (2008) and Keremedjiev et al. (2008) . Meléndez et al. (2008) 
2−10keV , which similarly indicates smaller EW in the higher luminosity AGNs, if we consider the 2-10 keV X-ray luminosity as a proxy for intrinsic AGN luminosity. Finally, while the quasar comparison sample was not selected robustly, we note the resulting average spectrum is extremely similar to that of Netzer et al. (2007) , showing a comparable spectral shape, broad silicate emission, and PAH emission.
Type 1 AGN silicate emission
Dust produces both the MIR continuum and the silicate features. We model the spectra assuming the same dust produces both, as opposed to invoking physically separate line-and continuum-producing regions (c.f. Schweitzer et al. 2008 ). In the IRS spectra, we measure the continuum over a short-wavelength region (typically 5-7µm), an intermediate point (around 14µm), and a long-wavelength region (typically 26.5-31.5µm), and we fit a spline to define the full continuum, utilizing the method of Sirocky et al. (2008) . The silicate features are evident in the dust absorption cross section, and the local minimum around 14µm produces the pseudo-continuum of the observed spectra at this wavelength. The resulting continuum fits agree well with the radiative transfer model calculations of the emission from synthetic dust that lacks the silicate features (Sirocky et al. 2008) . Figure 3 shows an example of the continuum fit to Mrk 766. The procedure slightly varies depending on the spectral characteristics, with "continuum-dominated spectra" containing AGN emission lines and weak PAHs, "PAH-dominated spectra" exhibiting strong PAH emission, and "absorption-dominated spectra" showing strong ice and hydrocarbon absorption below 14µm (Spoon et al. 2005; Sirocky et al. 2008) . Most of these spectra are continuum-dominated, which provide more reliable 10µm silicate measurements, while the silicate strength measurements of PAH-dominated and absorption-dominated spectra are more uncertain.
We measure the silicate feature strength
at the wavelength of the strength extremum around 10 and 18µm, where F obs is the observed flux density and F cont is the fitted continuum flux density, as in Levenson et al. (2007) . Table 3 lists these silicate strengths (S 10 and S 18 ) and peak wavelengths (λ 10 and λ 18 ). The average values of λ 10 and λ 18 are 10.0 ± 0.1µm and 18.1 ± 0.2µm in Seyfert 1 AGNs and 10.1 ± 0.2µm and 18.0 ± 0.2µm in quasars. These values are consistent with the dust cross sections of Ossenkopf et al. (1992) and characteristic of the interstellar medium, although radiative transfer effects can result in small ( 0.3µm) wavelength shifts. In contrast, we note that Sturm et al. (2005) attribute the large wavelength shifts they measure (λ 10 up to 11.5µm) to unusual grain size distributions.
The silicate strengths reveal features in emission (S sil > 0) in 49 of 52 AGNs in the combined sample (Figure 4 ), although the emission is generally weak. The only type 1 AGNs that show 10µm silicate absorption are also LIRGs or ULIRGs. The corresponding average Seyfert 1 spectrum shows the 10µm silicate feature in obvious emission (S 10 = 0.11), whereas the average Seyfert 1 spectrum of Hao et al. (2007) shows weak silicate absorption. The homogeneous sample selection we employ and the exclusion of (U)LIRGs better isolates the AGN and its immediate environment in the MIR spectra. In contrast, the heterogeneous Seyfert 1 sample of Hao et al. (2007) includes LIRGs and ULIRGs. Most of the red 2MASS sources, for example, are indeed LIRGs and ULIRGS based on their IR luminosities. The dusty star-forming regions of these (U)LIRGs contribute significantly to their IRS spectra and alter the appearance of the silicate features. We conclude that the average Seyfert 1 spectrum of Figure 1 , which shows 10µm silicate emission, best characterizes the AGN and its immediate surroundings in the MIR. The higher luminosity quasars similarly show 10µm emission, with S 10 = 0.18 on average. Silicate emission in AGNs was first discovered in high luminosity galaxies (Hao et al. 2005; Siebenmorgen et al. 2005; Sturm et al. 2005) , and although the quasar sample shows stronger 10µm silicate strength than the Seyfert sample, we find no significant correlation of silicate strength with AGN luminosity. Finally, we find no trends with λ 10 or λ 18 , indicating that the chemical composition of the dust does not vary significantly with AGN luminosity or silicate strength.
AGN-Star Formation Connection
Indicators of star formation, including [Ne II] 12.8µm and several PAH bands (Genzel et al. 1998 , and references therein), are present in the majority of the spectra. We measure the integrated luminosities of the [Ne II] and 6.2µm PAH emission to quantify the star formation contribution, fitting a local continuum and a Gaussian for the line emission. The 5µm monochromatic continuum luminosity scales with the AGN luminosity, without the ambiguity of a star formation contribution to the continuum luminosity that is present at longer wavelengths. These AGN and star formation luminosities are indeed positively correlated over both Seyfert 1 and quasar luminosities ( Figure 5 ). We certainly measure [Ne II] in all but two Seyfert galaxies, and the resulting robust [Ne II]-5µm correlation (dashed line) is consistent with the less complete quasar measurements. The [Ne II] non-detections are a consequence of poor signal-to-noise. Combining the spectra without detections, we successfully measure the line. We plot these sources (green) at this average [Ne II]-5µm ratio, considering the Seyfert 1 galaxies and quasars separately. The solid line shows the subsequent correlation over all galaxies, including those in which [Ne II] is not detected directly, which agrees with the Seyfert 1 result using individual detections alone.
The PAH measurements indicate similar trends of star formation increasing with AGN luminosity, but these results are less robust. We directly detect the PAH emission in fewer individual spectra (24 of 31 Seyfert 1s and 8 of 21 quasars). While we recover the PAH emission in the average "PAH-less" Seyfert 1 spectrum, we do not certainly detect PAH emission in the average "PAH-less" quasar spectrum. Overall, this work agrees with that of Schweitzer et al. (2006) who find a similar correlation between AGN and starburst luminosity, measuring 6µm continuum luminosity and PAHs in quasars.
While luminosity due to star formation and accretion are correlated, the relative con-tribution of star formation decreases with increasing AGN luminosity. The slopes of the linear fits are 0.50 ± 0.16 and 0.66 ± 0.07 for the well-measured Seyferts and all sources, respectively. Using equation 1 of Ho & Keto (2007) , we calculate the luminosity contribution of the starburst component from the [Ne II] integrated luminosity, treating the infrared luminosity as an approximation of bolometric luminosity. Similarly, using the median SED and bolometric corrections of Elvis et al. (1994) , we obtain the bolometric scale factor for 5µm continuum, L bol = 10.1L 5 . For weaker AGN contributors (e.g., L 5 = 10 8.5 L ⊙ ), the star formation luminosity is as much as 80% of the AGN contribution, whereas the star formation luminosity of strong quasars (L 5 = 10 12 L ⊙ ) is around 5% of their AGN luminosity. The contribution of star formation to the continuum flux increases with wavelength. Comparing the AGN-dominated 14µm flux density with that at 30µm, at which dust-reprocessed stellar light becomes significant, we find the average F 14 /F 30 = 0.44 ± 0.18 for the Seyfert 1s and F 14 /F 30 = 0.68 ± 0.27 for the quasars. Similar to the conclusions based on [Ne II] and PAH emission, these results also suggest that the relative luminosity of star formation is greater in the Seyfert 1 galaxies than in the quasars.
Dust Geometry from Silicate Features
The strengths of the 10 and 18µm silicate features together are sensitive to the distribution of dust surrounding any heating source, including stars as well as AGNs. Smooth and clumpy distributions occupy distinct regions of the "feature-feature diagram" (Sirocky et al. 2008) , which shows S 18 vs. S 10 ( Figure 6 ). We compare these radiative transfer calculations with the observations to discern the dusty environment of the AGNs we observed. While the two strength measurements in an individual galaxy cannot constrain all the free parameters of any of the models, the type 1 AGNs are located in an area of the diagram that only clumpy models occupy. Schweitzer et al. (2008) alternatively model MIR spectra of AGNs with multiple independent emission components. Combinations of blackbodies represent the continuum, due to hot dust close to the nucleus. The more distant, cooler, optically-thin narrow line region, located at 100-200 dust sublimation radii produces the silicate features. A disadvantage of this approach is that it allows silicate only in emission. It never produces silicate absorption, which is typical of type 2 AGNs ). Indeed, assuming AGN unification, these models would instead predict silicate emission from type 2 AGNs in general. Moreover, the hot inner edge of the disk Schweitzer et al. (2008) describe would also produce strong silicate emission that would be observed directly in unobscured AGNs but is absent from their model. The key difference between the description of Schweitzer et al. (2008) and ours is the location of the silicate-emitting region. Unfortunately, no current observations provide the spatial resolution to discriminate between them directly. Thus, we pursue here models in which a common dust distribution simultaneously accounts for the MIR continuum and spectral features. This technique has the advantage that it may be consistently and directly applicable to obscured AGNs, in agreement with unified AGN schemes, although we acknowledge that additional separate emission regions may be present in some galactic centers.
Independent of geometry, all optically thin configurations exhibit silicate emission and are located at the same point in the diagram, which corresponds to the feature strength in the optical cross section. Tracks of increasing optical depth move toward weaker emission. Only smooth dust distributions can exhibit large negative feature strengths, producing the temperature gradient that is essential for deep absorption. All smooth spherical distributions show similar slopes in the diagram, independent of the density distribution and total dust extent, which the dust's optical properties determine (Sirocky et al. 2008) . We plot several characteristic examples in Figure 6 . Spherical distributions of clumps occupy a distinct region of the feature-feature diagram, never showing deep absorption, even for comparable total optical depth. The reason for this behavior is that both dark (absorbed) and bright (illuminated) cloud faces are observed in the clumpy distribution. The silicate emission from the bright sides fills in the absorption trough, reducing its depth (Nenkova et al. 2002) .
We consider whether changes to the dust composition could provide smooth distributions that describe the observations on the feature-feature diagram. The dust's optical properties determine both the location of the optically thin point and the slopes of the smooth model tracks on the diagram (Sirocky et al. 2008) . Compared to the dust we employ here (Ossenkopf et al. 1992) , the "astronomical silicate" of Draine (2003a,b) , for example, shows a reduced 18µm feature relative to the 10µm feature, so the silicate features of these smooth models ( Figure 9 of Sirocky et al. 2008 ) are more similar to those of the observations. However, the specific models that lie close to the data are optically thick, with τ V ≫ 10, which is inconsistent with the small optical depths measured in type 1 AGNs. This resulting optical thickness is a general problem for smooth models of any dust that exhibits the MIR silicate features. Only a contrived dust having extremely weak intrinsic silicate features could remain optically thin in the observed region of the diagram, yet even such a forced solution could not then produce the observed range of strength ratios. We conclude that the data lie below the smooth model tracks for reasonable dust properties, a region that only clumpy models occupy.
While the smooth spherical models offer a valuable contrast, they are inappropriate in these cases, failing to allow direct views of the central engine and the resulting spectrally broad emission lines. Nevertheless, the smooth spherical geometries do usefully indicate some of the realm of the smooth torus of classical AGN unification schemes, which provide unobscured views along select lines of sight. Specifically, the obscured type 2 view through the torus is analogous to the spherical geometry, admitting no view of directly-illuminated hot dust. Strictly unobscured (type 1) lines of sight to the central engine view the silicate emission from the optically thin illuminated surface of the torus directly. The net result is silicate emission, located near the optically thin point of the feature-feature diagram, independent of the total dust optical depth in the torus, with only a weak absorption contribution from the cooler torus interior within the observing beam (Granato & Danese 1994; Efstathiou & Rowan-Robinson 1995; Van Bemmel & Dullemond 2003) . In type 1 views, the silicate strength is sensitive to the shape of the inner edge of the dusty torus. The models of Pier & Krolik (1992) , for example, do not typically exhibit strong silicate emission. However, several independent lines of evidence argue against smooth dust distributions generally. First, the MIR emission of AGNs is observed to be effectively isotropic (Lutz et al. 2004; Buchanan et al. 2006; Horst et al. 2006) , whereas all smooth torus models predict type 1 AGNs to be significantly brighter than type 2 AGNs in the MIR, for a fixed intrinsic luminosity. Second, all optically thick smooth descriptions produce very deep absorption in obscured nuclei, which is not generally observed ).
Thus, we pursue clumpy dust distributions, which Krolik & Begelman (1988) originally proposed. The clumpy geometry allows a large range of dust temperatures to coexist at the same distance, as opposed to the monotonic temperature decline with distance that is characteristic of smooth models. Interferometric observations of NGC 1068 with the VLTI, for example, resolve the 10µm emission and indicate cool dust located close to the nucleus (Jaffe et al. 2004) . Similarly, VLTI observations of the Circinus galaxy and NGC 3783 provide further evidence of a clumpy dust structure (Tristram et al. 2007; Beckert et al. 2008 ).
Initially, we minimize the number of model free parameters and consider a spherical distribution of clumps. Although this geometry does not generally provide any clear lines of sight to the central engine, the simplified spherical models are powerful, and they capture the essence of the MIR spectra. Fundamentally, the total population of clouds produces the observed MIR emission, and the SEDs are insensitive to viewing orientation effects in any case, even when the dust distribution is not spherically symmetric. (We explicitly demonstrate this result below, presenting calculations for toroidal distributions of clouds.) We follow the formalism of Sirocky et al. (2008) , which is based on the radiative transfer code of Nenkova et al. (2008a) . In the computations, the individual clouds are distributed according to Poisson statistics, with an average number of clouds along a radial ray, N 0 . The clumps are radially distributed according to a power law, ∝ r −q , from the dust sublimation radius, R d to an outer radius R o , which we parameterize with Y = R o /R d . The bolometric luminosity of the central source sets R d , with R d ≃ 0.4(L bol /10 45 erg s −1 ) 1/2 for the AGN heating spectrum and dust sublimation temperature of 1500 K. The optical depth of each cloud in the V band is τ V , so the total average optical depth through all clouds is N 0 τ V . The dust includes both silicates and graphite, and we use the Ossenkopf et al. (1992) cool silicate optical properties. The model results we present are applicable to any heating source, not restricted to AGNs, because the dust erases all signatures of the incident spectrum from the emergent MIR emission.
We initially leave the model parameters unconstrained in order to show the effects different parameters have on the model curves in the feature-feature diagram. The plotted simulations therefore do not all represent best-(or even "good-") fitting models. In exploring these parameter variations, we will identify the parameter values that produce models that generally agree with the observations on the feature-feature diagram. Figure 6 shows the silicate strengths of the clumpy sphere models for a range of N 0 , with Y = 30 and q = 1. The optical depth per cloud increases along each track of fixed N 0 , from τ V = 10 (at the upper right) to 80. Overall, increasing N 0 results in diminished silicate emission, with silicate absorption emerging for N 0 > 3. Having more clouds increases the chance that bright faces are obscured, and views of dark, absorbed faces occupy more lines of sight. As the optical depth per cloud increases along the constant N 0 track, silicate strength initially decreases. Around τ V = 60, which corresponds to τ 10 ≈ 3, optical depth effects within individual clouds become important, and the 10µm silicate strength increases as the optical depth per cloud increases further. The 18µm strength generally continues to decrease, with τ 18 < 2 per cloud when τ V = 80. These clumpy models describe the type 1 AGN data well, typically with a small number of clouds (N 0 ∼ 2).
The MIR-emitting region is compact, and clouds located far from the AGN do not significantly affect the silicate feature strengths. We demonstrate this result first considering the radial density profile q = 2 models over a range of outer size, Y (Figure 7) . Having steep radial density profiles, these distributions are inherently compact and therefore are not sensitive to the outer extent. For example, 80% of clouds are located within 3.6R d and 4.8R d for Y = 10 and Y = 100, respectively. However, the shallower radial distributions are sensitive to the total size because the number of nearby clouds is a function of both Y and N 0 . In these cases, replicating the MIR behavior of the small-N 0 compact distributions requires increasing N 0 as the total size increases.
Small numbers of clouds along radial rays in spherical clumpy models best match the silicate strengths of type 1 data, with N 0 ∼ 2. We find little variation in silicate strength as a function of other parameters when N 0 is small, so the conclusion that the immediate sur-roundings of these AGNs contain few clouds along radial rays is robust. However, for larger values of N 0 , the silicate strengths depend sensitively on the combination of all parameters, including q and Y , as well.
While the clumpy sphere captures the essence of the MIR emission from these AGNs, general support for unified AGN models, especially the requirement of unobscured lines of sight to the central engine, favors a toroidal distribution. We use the clumpy toroidal models of Nenkova et al. (2002 Nenkova et al. ( , 2008a , which allow variation of the viewing inclination angle, i, and torus scale height, σ, in addition to the parameters of the spherical model. Figure 8 illustrates the clumpy torus. The quantity N 0 now represents the average number of clouds through an equatorial ray of the torus, and we consider Gaussian distributions, where the average number of clouds N los (β) = N 0 exp(−β 2 /σ 2 ) along angle β measured from the equator. (The inclination angle is measured from the symmetry axis of the torus, so β = 90
• − i.) Unobscured views are more likely for small values of i, with the photon escape probability P esc = exp(−N los (β)) describing the likelihood of an unobscured view of the central engine (Nenkova et al. 2008b ).
The clumpy nature of the dust is fundamental, and as a result, the toroidal distributions occupy a region of the feature-feature diagram similar to that of the spherical arrangements. The toroidal calculations uphold the general conclusion that the MIR-emitting region is small. For example, these inherently-compact q = 2 results are insensitive to the total outer extent of the torus, similar to the spherical calculations above. The flat (q = 0) radial density profile, however, is a strong function of outer radius (Figure 9 ). In this case, the most compact tori (having Y = 10) generally describe the data well, with N 0 ∼ 4. The clouds are spread over a large volume in the extended (Y = 100 or Y = 30) tori when q = 0. With this radial distribution few clouds are located close to the nucleus, even when the total number of clouds is large. For example, using model parameters Y = 100, q = 0, and N 0 = 10, an average of only two clouds are located within 20R d along equatorial rays. As a result, this particular combination of parameters describes many of the observations. However, a significant fraction of observations lie above these models (having greater S 18 ), even for large values of N 0 . No change in other parameters can shift the q = 0, Y = 100 model tracks up to account for the stronger S 18 measurements. Thus, this combination of parameter values is not generally characteristic of the observed sample, although it may describe particular galaxies.
Computations of varying q for fixed Y again show that the nearby clouds determine the silicate feature strengths. In Figure 10 , we plot the strengths for models in which q ranges from 0 to 2, with Y = 30, i = 30
• , σ = 45
• , and N 0 = 1, 2, 4, and 10. Models having steeper density distributions require fewer clouds along radial rays to match the silicate strength of comparable models having shallower radial distributions. Furthermore, as q increases, a larger fraction of the clouds are located closer to the AGN. For example, with Y = 30, in a q = 0 distribution, 80% of all clouds are located within 24R d whereas the same fraction of clouds are confined to 4.4R d in the q = 2 density profile. The shallowest density profile (q = 0) does not follow the general trend of decreasing strength with increasing N 0 as rapidly as the steeper distributions do. Considering the observations, few clouds ( 6) along radial rays within a compact torus (size ∼ 15R d ) accounts for the MIR silicate features of unobscured AGNs.
Increasing the torus scale height reduces the silicate strength for a given N 0 , as Figure 11 shows. The total cloud distribution determines the behavior of the MIR emission, and an increase in σ results in more clouds overall for a given N 0 . Formally, N 0 sets only the average number of clouds along equatorial rays, and σ determines how rapidly the radial number declines with altitude. Again, with more clouds present, the bright cloud faces are more likely to be obscured, which reduces the net silicate emission and produces absorption in some cases. Here, the increased total number of clouds (N tot ) is a consequence of increasing σ rather than increasing N 0 alone. However, even for N 0 = 10, the σ = 15
• model shows emission, because N tot is small in this narrow torus. Few high-altitude clouds are present to block views of the directly-heated cloud surfaces that exhibit silicate emission.
The dominant direct view of a hot optically thin surface produces strong silicate emission in general, which is typical of smooth torus models of type 1 AGNs. The small-σ case approaches a two-dimensional dust distribution and explicitly demonstrates the failure of this simplification (in a clumpy or smooth arrangement), given the observed weak silicate features. Instead, the mixture of contributions from hot and cold cloud faces is the essence of the MIR emission. Thus, despite the defect of the spherical models in not providing unobscured lines of sight to the AGN in general, they better approximate the MIR results than a two-dimensional geometry does, and the development to the toroidal configuration ultimately corrects this problem.
We consider several inclination angles for fixed N 0 and σ and find no significant differences in the models' silicate strengths for small i typical of type 1 views (i ≤ 40
• ). Thus, the silicate features do not usefully diagnose the viewing angle, and we adopt i = 30
• in the comparisons below. According to unification schemes, the only difference between type 1 and type 2 AGNs is the viewing angle, whereby direct views of the central engines of type 2 AGNs are obscured, although the dusty AGN surroundings are inherently the same in both cases. A smooth torus strictly separates the different types at a particular viewing angle, distinguishing lines of sight through the dusty torus material from unobscured views near the symmetry axis. The clumpy formalism presents no strict dividing line, however. Instead, type 1 or type 2 views may arise from any angle, but lines of sight near the equatorial plane are more likely to be obscured, and those near the symmetry axis are more likely to remain clear. The escape probability, P esc , describes the likelihood of a type 1 view, and it is a function of i, σ, and N 0 .
We compare clumpy torus properties that describe the type 1 observations well to predict the silicate characteristics of their type 2 counterparts, viewed at higher inclination, which are obscured. We find that these type 2 AGNs show less silicate emission than type 1 views of the same dust distribution. Specifically, we calculate the silicate strengths for combinations of model parameters that describe the type 1 measurements well: N 0 = 2-4, τ V = 30-60, σ = 30-60
• , with Y = 10-30 for q = 1, and Y = 10-100 for q = 2. The corresponding type 2 views (i = 70
• ) yield −0.4 < S 10 < 0.15 and −0.15 < S 18 < 0.18, a wider range of silicate strength than the i = 30
• views exhibit. Overall, the silicate is generally weakly absorbed in the obscured AGNs, which agrees with previous observations , Levenson et al. 2009 . Another way to test unified AGN schemes is to model the characteristic clumpy distribution of observed type 2 AGNs and compare this result with the type 1 distributions. The peak of the 10µm silicate strength distribution of the Hao et al. (2007) Seyfert 2s ranges over −0.4 ≤ S 10 ≤ −0.1, which corresponds to N 0 ≃ 3-4 in the i = 70
• clumpy torus models using the same parameter combinations as above. Changing inclination to i = 30
• and holding all other parameters constant, the silicate strengths of the N 0 = 3 or 4 models match those of the type 1 observations. These results are again consistent with standard AGN unification, whereby the central engine and its immediate environment are the same in all AGNs, and variations in viewing geometry alone produce observable differences. One further consequence of the clumpy geometry is that it can produce silicate emission even when the AGN is obscured, which has been observed (Sturm et al. 2006; Teplitz et al. 2006; Hao et al. 2007) , unlike a smooth distribution, in which type 2 AGNs always exhibit silicate absorption. Even when the AGN and broad line region are hidden, direct view of some hot cloud faces can result in measurable silicate emission.
Despite the model degeneracies, we identify several ranges of "standard" parameters that describe the data well and do not impose severe restrictions on other parameters. In particular, we favor Y = 30, q = 1, σ = 45
• , i = 30
• , τ V = 30-60, and N 0 ≤ 6. Because the clouds close to the AGN determine the MIR emission, confining the total extent of the torus (Y = 10 or 30) generally produces models that describe the data well. Recent observations also show a compact MIR torus, with sizes of 3-5R d and 10R d , in Mason et al. (2006) and Tristram et al. (2007) , respectively. The extended (Y = 100) torus is successful only when the clouds are concentrated (with radial density profile q = 2). Similarly, in the constant density distribution (q = 0), only Y = 10 yields acceptable results.
The MIR measurements alone do not strongly constrain the torus scale height. Instead, relative numbers of type 1 and 2 Seyfert galaxies indicate σ ≃ 30 to 45
• (Schmitt et al. 2001; Hao et al. 2005) , and consideration of the SED and 10µm silicate feature favors σ = 30
• (Nenkova et al. 2008b ). However, the σ = 30
• models underpredict S 18 at lower values of S 10 , even with large numbers of clouds (N 0 > 10). Thus, we adopt σ = 45
• as the standard value and consider the range 30
• < σ < 60
• to be applicable to various individual galaxies. A disk-like geometry suggested by Schweitzer et al. (2008) with a clumpy distribution could be identified as a small-σ torus, but low σ values disagree with the observations. Because varying inclination angle does not significantly change the strength measurements provided that i < 40
• , we discount directly face-on views and identify 20 • < i < 40
• to be typical of these type 1 AGNs. Furthermore, models of τ V = 30-60 produce silicate strengths that are similar to those of the observations. The physical characteristics of clumpy dust distributions are fundamentally different from those of smooth distributions. Both spherical and toroidal clumpy models cover the same regions of the feature-feature diagram, which remain inaccessible to all smooth descriptions. The behavior of the silicate features in the simplified clumpy spherical models yields results that are directly applicable to the more realistic clumpy torus models. To account for the MIR observations, the small-scale dust distribution is relevant, and both geometries show how the total torus extent and radial distribution together govern the effective compactness. In addition, small numbers of clouds within the small sphere or torus agree with the observations of type 1 AGNs. However, the N 0 parameter is not constant across all models that describe the data: it increases from the sphere to the torus generally, and it increases with decreasing torus scale height. We therefore conclude that the total number of clouds available to reprocess the intrinsic AGN flux, N tot (not N 0 ), and their distribution ultimately determine the behavior of the emergent MIR emission. Figure 12 demonstrates that for the same inputs of Y and q, fitting the data requires larger values of N 0 in the torus than in the sphere. In general, translating from any torus to sphere model requires N 0 (torus) > N 0 (sphere). The parameter N 0 describes only the number of clouds along the equatorial ray of the torus, and the number of clouds diminishes with altitude. For a given N 0 , the spherical model contains more clouds in total than the toroidal model does. Thus, in order to achieve the same N tot in both geometries, N 0 must be greater in the torus. The spherical models yield robust conclusions about the nature of the dust distribution around AGNs, confirming that few clouds within a small radius account for the observed MIR emission. However, because the spherical geometries generally fail to provide an unobscured view of the central engine, which these type 1 AGNs demand, we conclude that a clumpy, dusty torus characterizes the immediate surroundings of AGNs.
Conclusions
Dust reprocesses the AGN continuum to emerge at MIR wavelengths, and we model both the resulting continuum and spectral features at 10 and 18µm due to a common dusty region. Isolating unobscured AGNs, we find these features in emission, both in Seyfert 1 galaxies and in quasars. The emission is weak, however, with average emission strength S 10 = 0.11 and 0.18 in the Seyferts and quasars, respectively. In contrast, an optically thin medium, such as the directly-viewed hot interior of a smooth torus, would yield stronger emission (S 10 = 1.2). We conclude that the observable but weak emission is a consequence of clumpy AGN surroundings. We measure the peak wavelength λ 10 = 10.0 ± 0.1 and 10.1 ± 0.2µm in the Seyfert 1s and quasars, respectively. These values are consistent with radiative transfer computations using the optical properties of silicates that Ossenkopf et al. (1992) model. In agreement with earlier work, we find that star formation increases with AGN luminosity, using [Ne II] and 6.2µm PAH to quantify the star formation contribution and the 5 and 14µm continua as proxies for the AGN luminosity. The fractional contribution of star formation to the total bolometric luminosity of these galactic centers decreases with AGN luminosity. Furthermore, considering the flux ratio F 5 /F 14 , we can describe the type 1 AGN spectra as a power law, with power law indices ranging from -0.5 to -2.8 in the Seyfert 1s and -0.3 to -1.6 in the quasars.
The strengths of the 10 and 18µm silicate features together are sensitive to the distribution of dust surrounding any heating source, including stars as well as AGNs. We interpret the silicate strength measurements of these isolated AGNs as a consequence of a native AGN environment that is clumpy. The dust that determines the MIR behavior is confined to small scales. In radiative transfer calculations, either limiting the total radial extent of the dust or concentrating the cloud distribution effectively produces the compact distributions that describe the observations. A toroidal distribution of clouds is consistent with unified AGN schemes, offering unobscured lines of sight to the central engine from some viewing angles. The total cloud distribution, not only the clouds located along the line of sight, determines the MIR emission. As a consequence, the MIR output is effectively isotropic, as observations of all types of AGNs show (e.g., Horst et al. 2006) . We thus account for the model results in general: properties such as torus scale height and the number of clouds along radial rays that determine the total cloud distribution govern the MIR behavior. Although spherical distributions do not generally provide the unobscured views these type 1 AGNs require, they do usefully capture the essence of the total cloud distribution while minimizing the number of free parameters. While two silicate strength measurements cannot constrain all the free parameters of any of the models, we find that the type 1 AGNs are located in an area of the feature-feature diagram that only clumpy models occupy. Few clouds are located along radial rays within the compact torus, which is consistent with column density variability observed in some AGNs (Elvis et al. 2004; Risaliti et al. 2007 ). The MIR observations are not sensitive to the more distant cloud population, and we conclude the arrangement of dust immediately surrounding the AGN central engine is a clumpy torus that contains few clouds ( 6) along radial rays within a small radius (∼ 15R d ).
Werner, M. W., et al. 2004, ApJS, 154, 1 This preprint was prepared with the AAS L A T E X macros v5.2. Note. -Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Note. - Table 2 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and content. Col. • . In this distribution that is constant with radius, the size of the torus and N 0 are related, with increasing values of both Y and N 0 together producing results similar to models having smaller size and cloud number. The clouds close to the AGN govern the MIR emission, so in a large torus, N 0 must increase to provide enough clouds at small radius to match the features of a smaller torus having fewer clouds that are all confined to the small scale. • . Increasing q places more clouds close to the AGN for a given value of N 0 . Thus, the models having steeper density distributions require fewer clouds to match the silicate emission of the bulk of the data. The shallowest density profile (q = 0) does not follow the general trend of decreasing strength as rapidly as the steeper distributions with increasing N 0 . A compact torus (effective size ∼ 15R d ) having few clouds along radial rays ( 6 along the equator) accounts for the MIR silicate features of unobscured AGNs. • . Increasing the torus scale height reduces the silicate strength for a given N 0 , obeying the general trend of decreasing strength with increasing total cloud number. However, even for N 0 = 10, the σ = 15
• model shows emission, because this thin torus contains fewer clouds to block direct views of bright cloud faces. We measure the same effect for other values of Y and q. -Clumpy torus and clumpy sphere models. We plot curves of N 0 = 1, 2, 4, and 10, fixing Y = 30 and q = 1 in both cases, and i=30
• and σ = 45
• in the torus models. The sphere and torus results are extremely similar for different values of N 0 , with larger N 0 in the torus. Because all clouds reprocess the AGN light and contribute to the MIR emission, the larger value of the parameter N 0 in the toroidal distribution is required to have the same total number of clouds as the spherical distribution with smaller N 0 .
